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Abstract 
Rosiglitazone, an anti-diabetic drug used for treating type Ⅱ diabetes mellitus with known anti-in-

flammatory properties, was withdrawn from the European market. The United States Food and Drug 
Administration has restricted its use due to its severe cardiovascular adverse effects. We hypothesized 
that rosiglitazone could be repurposed to provide safe anti-inflammatory therapy. By encapsulating the 
drug in liposomes internalized preferentially by circulating monocytes, monocytes’ inhibition can be 
achieved while avoiding the inherent systemic side effects. Rosiglitazone was loaded into empty lipo-
somes by an active loading method. The formulation (LipRosi) was developed with desirable 
physicochemical properties promoting preferential monocyte internalization via membrane surface 
negative charge. Appropriate physicochemical properties include nano-size, low polydispersity index 
(PDI), high drug loading capacity, high encapsulation yield, and shelf-life stability. Further, these lipo-
somes exhibited time- and concentration-dependent uptake in a murine monocyte/macrophage cell line 
(RAW264.7). In addition, LipRosi was found to be significantly more effective in depleting monocytes 
than drug-free liposomes and the free drug in solution. A cytotoxic effect on smooth muscle cells was 
only observed at the highest concentration examined and after an extended exposure time. In vivo stud-
ies in rats demonstrated a time-dependent uptake by intact circulating white blood cells (WBC), pri-
marily monocytes. Administration of 20 mg/kg LipRosi, injected on two consecutive days, achieved a 
therapeutic window of monocyte depletion after 24 hr. Of note, only a dismal disposition of the formu-
lation was detected in the heart. Since monocytes play a central role in the progression of inflammatory 
related-disorders, LipRosi could be found therapeutic for multiple disorders. 
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Rationale and purpose 
Rosiglitazone, an effective anti-diabetic drug 

with anti-inflammatory properties, has been 
withdrawn from the European market, and the 
FDA has restricted its use due to its severe car-
diovascular adverse effects. However, redirect-
ing the drug away from the heart towards spe-
cific sites such as the mononuclear phagocyte 
system (MPS) may be achieved by its encapsu-
lation in nanoparticles (NPs), thus maximizing 
its anti-inflammatory properties while avoiding 
systemic side effects. We herein present a novel 
liposomal formulation containing rosiglitazone 
that preferentially inhibits circulating mono-
cytes, demonstrating a potential for safe anti-in-
flammatory therapy. 

Introduction 
Macrophages and their monocyte precursors 

are professional phagocytic cells of the MPS (1-
3). Monocytes and macrophages play central 
roles in initiating, progressing, and resolving 
inflammation, principally through phagocyto-
sis, releasing inflammatory cytokines, and acti-
vating the acquired immune system (4, 5). Due 
to their significant involvement in the patho-
genesis of inflammation-driven pathological 
conditions, monocytes are potential therapeutic 
targets (4, 6-9). In addition, depletion of mono-
cytes following preferential phagocytosis of 
NPs containing anti-inflammatory agents is 
beneficial in inflammatory-associated disor-
ders, including cardiovascular disorders (1, 10-
12), rheumatoid arthritis (13), and endometrio-
sis (14). 

Rosiglitazone, a member of the thiazoli-
dinedione class of drugs, is a peroxisome pro-
liferator-activated receptor γ (PPARγ) agonist. 
Unfortunately,’ rosiglitazone’s clinical use for 
treating type Ⅱ diabetes mellitus has been sus-
pended by the European Medicines Agency 
since significant safety concerns have been 
raised due to its cardiovascular toxicity (15-18). 
PPARγ, a key regulator of glucose homeostasis 
and lipid metabolism, is also expressed in mul-
tiple immune cells, including monocytes/mac-
rophages (19). In addition, PPARγ agonists act 
as negative regulators of macrophages and in-
hibit the production of pro-inflammatory cyto-
kines (20-22). Rosiglitazone was shown to have 
an anti-inflammatory effect via modulation of 
nuclear factor kappa-B (NF-κB) and NF-κB in-
hibitor (IκB) (23). Therefore, we hypothesized 

that directing the drug preferentially to mono-
cytes, using a suitable delivery system, has the 
potential to maximize its anti-inflammatory po-
tency and concomitantly avoid undesired ef-
fects. This can be achieved by encapsulating 
rosiglitazone in liposomes targeting circulating 
monocytes. The subsequent inhibition of mon-
ocytes/macrophages, bypassing drug accumu-
lation in the heart and its inherent side effects, 
could result in the repurposing of rosiglitazone 
as an anti-inflammatory agent. 

To our knowledge, this is the first report on a 
rosiglitazone formulation for monocyte deple-
tion. The formulation was characterized in 
terms of its physicochemical properties, stabil-
ity, uptake, and bioactivity were evaluated both 
in vitro and in vivo. 

Experimental design 
We developed a monocyte-targeted delivery 

system of negatively-charged liposomes encap-
sulating rosiglitazone in the aqueous core. The 
drug was loaded into liposomes by an active 
loading method. The formulation was charac-
terized in terms of its physicochemical proper-
ties, stability, cellular uptake, bioactivity, and 
cytotoxicity in vitro. In addition, its biodistribu-
tion and bioactivity have been further examined 
in vivo. 

Materials and methods 
Liposome preparation 
Rosiglitazone maleate-loaded liposomes were 

formulated using an active loading method in a 
two-step process (24). In the 1st step, calcium 
acetate-loaded liposomes were assembled, and 
in the 2nd step, liposomes exhibiting transmem-
brane calcium acetate gradient were incubated 
with a rosiglitazone maleate solution for remote 
drug loading. Negatively charged liposomes 
were prepared by the modified film thin hydra-
tion method (25, 26). Liposomes were com-
posed of 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC; Lipoid, Ludwigshafen, Ger-
many), 1,2-distearoyl-sn-glycero-3-phospho-
(1’-rac-glycerol) (DSPG; Lipoid) and choles-
terol (Sigma-Aldrich, Israel), at a molar ratio of 
3:1:2, respectively. Lipids were dissolved in 
tert-butyl alcohol (Sigma-Aldrich), lyophilized 
overnight, and the obtained film was hydrated 
with 120 mM calcium acetate (Sigma-Aldrich) 
solution and then rotated in a bath (70˚C at 90 
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rpm for 40 min). The size of the obtained mul-
tilamellar vesicles was reduced using a thermo-
barrel extruder (LipexBiomembranes, Vancou-
ver, Canada), at 70˚C, through double polycar-
bonate membranes of 0.8 and 0.4 μm (×2 times 
each), followed by 0.2 μm (×6 times), yielding 
small unilamellar liposomes. The liposomal 
suspension was dialyzed overnight against wa-
ter to create a transmembrane calcium acetate 
gradient (10 mm diameter, 25K membrane; 
Spectrum Laboratories, USA). 

Remote drug loading 
Rosiglitazone maleate (Abcam, UK) solution 

(dissolved in citrate buffer, pH 3) was mixed 
with a preformed liposome suspension, reach-
ing a final 10 mg/ml drug concentration in the 
suspension (4 hr at RT). Next, the free, unen-
capsulated drug was removed through a citrate 
buffer (pH 3) dialysis overnight. Finally, the 
liposomes were dialyzed against phosphate-
buffered saline (PBS) (Biological Industries, Is-
rael), as described above.  

A filter spin column concentrator (Vivaspin, 
300,000 MW; Sartorius Stedim Lab Ltd, UK) 
was used to increase liposomal drug concentra-
tion. Liposomes were centrifuged at 3000 g up 
until leaving a calculated lipid concentration of 
50 mg/mL. The obtained liposomal suspension 
(LipRosi) was filter-sterilized and stored at 4˚C 
until used. 

Drug-free liposomes (Empty Lip) were pre-
pared similarly by omitting the drug. Fluores-
cent double-labeled empty liposomes (rhoda-
mine and Cy5, membrane and aqueous core, re-
spectively; LipRhod-Cy5) were prepared simi-
larly by (i) adding the lipophilic fluorescent 
marker, 1,2-dioleoyl-sn-glycero-3-phosphoeth-
anolamine-N-(lissamine rhodamine B sulfonyl) 
(PE-rhodamine; Avanti) to the dissolved lipids 
in tert-butyl alcohol at a molar ratio of 
3:1:2:0.08 (DSPC:DSPG:Cholesterol:PE-rho-
damine, respectively); and (ii) hydrating the 
film with 0.5 mM Cy5 (Lumiprobe, USA) dis-
solved in 120 mM calcium acetate solution. 

Drug loading and encapsulation yield 
Encapsulated rosiglitazone concentration was 

determined using HPLC (2695 eAlliance sepa-
ration module, Waters Corporation, MA, USA). 
A filter spin column concentrator (Vivaspin, 
50,000 MW; Sartorius Stedim Lab Ltd, UK) 
was used to determine the drug concentration 
inside and outside the vesicles. Liposomes were 

centrifuged for 40 min at 3000 relative centrif-
ugal force to separate the external buffer from 
the vesicles. In another tube, liposomes were 
disrupted by adding acetonitrile (JT Baker, 
Avantor, USA), yielding a clear solution. Equal 
liposome suspension or external buffer volumes 
were injected into a Hypersil BDS C18 column 
(250 × 4.6 mm, 5 μm, Thermo Scientific, USA). 
The column was eluted with a mixture of 20% 
acetonitrile and 80% acetate buffer pH 4, at a 
flow rate of 1 ml/min. Rosiglitazone was de-
tected at λ=210 nm using a 2998 PDA detector 
(Waters Corporation, UK). 

Size, polydispersity index, zeta potential, and 
morphology 

Liposome size, polydispersity index (PDI), 
and zeta potential were determined by dynamic 
light scattering at room temperature following 
1:100 dilution with PBS (Zetasizer Nano-ZSP, 
Malvern Instruments, Malvern, UK).  

The liposome morphology was examined 
through cryogenic transmission electron mi-
croscopy (Cryo-TEM). On a glow discharged 
TEM grid (300-mesh Cu grid) coated with a 
perforated carbon film (Lacey substrate, Ted 
Pella, Inc., USA), a drop (3 µL) of the samples 
was applied. After blotting excess liquid, the 
samples were vitrified by rapidly dipping them 
into liquid ethane pre-cooled with liquid nitro-
gen using Vitrobot Mark IV (FEI, USA). Sam-
ples were examined using Tecnai G2 12 TWIN 
TEM equipped with Gatan 626 cold stage at 
−177°C. Images were recorded (4 K × 4 K FEI 
Eagle CCD camera) at 120 kV in a low-dose 
mode. 

Stability 
Shelf-life stability of LipRosi, stored at 4°C, 

was determined by examining changes of vesi-
cle size, PDI, and zeta potential. LipRosi lipo-
somes were diluted in fetal bovine serum (FBS; 
Biological Industries, Israel) at a ratio of 1:10 
and incubated at 37°C for 24 and 48 hr. The di-
lution factor was chosen based on the maximal 
estimated incubation concentration of lipo-
somes per well in vitro. The affinity of serum 
proteins to LipRosi was evaluated as a function 
of the liposome size distribution pre- and post- 
incubation period and was measured using a 
Zetasizer. The results were compared to nega-
tively-charged drug-free liposomes (Empty 
Lip) that underwent the same procedure. 
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Cell culture studies 
Bioactivity 
The bioactivity was evaluated by means of the 

MTT assay using a murine monocyte/macro-
phage cell line (RAW264.7, ATCC, Rockville, 
MD, USA). RAW264.7 cells were grown in 
Dulbecco’s modified eagle medium (DMEM; 
Biological Industries, Israel), enriched with 
10% FBS, 2 mM L-glutamine, 100 units/mL 
penicillin, and 100 µg/mL streptomycin in 5% 
CO2 atmosphere at 37°C. Cells were seeded in 
96-well plates (10,000 cells/well) containing 
DMEM supplemented with 10% FBS and 
treated the following day with LipRosi, Empty 
Lip, and Free Rosi solution diluted in DMEM 
for 24 and 48 hr. Dimethyl sulfoxide (DMSO; 
Sigma-Aldrich) served as a positive control 
(10% v/v). 

After incubation, cells were washed, and 10% 
thiazolyl blue tetrazolium bromide (MTT, 
Sigma-Aldrich) was added to each well and in-
cubated for 60 min. After the removal of unre-
acted dye, 100 µl/well DMSO was added, and 
the purple formazan product was dissolved us-
ing an orbital shaker for 15 min at 37°C. The 
plates were then quantified using a plate reader 
(Cytation 3, BioTrek) at λ=540 nm, and the 
value of viable cells was normalized to non-
treated cells. 

Cellular uptake 
RAW264.7 cells were seeded on coverslips in 

12-well plates (100,000 cells/well), containing 
DMEM supplemented with 10% FBS. Cells 
were treated the following day with LipRhod-
Cy5 (0.5 and 1.25 mg/mL lipid concentration). 
At the end of the incubation periods (4 and 24 
hr), cells were washed with PBS (3×), fixed 
with 4% formaldehyde solution (Sigma-Al-
drich, Israel), washed with PBS (3×), and 
stained with 10 μg/mL Hoechst reagent (nu-
clear staining, Sigma-Aldrich, Israel) followed 
by a wash with PBS (2×). Each coverslip was 
mounted on a microscope slide with 8 μL Fluo-
romount-G solution (Invitrogen, Thermo Fisher 
Scientific, USA), and the slides were examined 
using an Olympus FV 10i confocal laser scan-
ning microscope 1 × 60 (Olympus America, 
Inc., MA, USA). This was followed by image 
analysis using the Olympus FV10-ASW 3.1 
viewer software. 

Cytotoxicity 
The cytotoxicity was evaluated using the 

MTT assay on primary rat smooth muscle cells 
(SMC) isolated from the aorta of Sabra male 
rats (Harlan Laboratories, Jerusalem, Israel), as 
previously described (27). SMC were seeded in 
96-well plates (5,000 cells/well) containing 
DMEM supplemented with 15% FBS and 5 
μl/mL fibronectin (Biological Industries, Is-
rael). Cells were treated the following day with 
LipRosi, Empty Lip, and Free Rosi solution di-
luted in the medium. DMSO served as the pos-
itive control (10% v/v). After incubation (24 
and 48 hr), the results were analyzed as de-
scribed in the “bioactivity” section. 

In vivo studies 
In all experiments, male sabra rats (Harlan La-

boratories) were randomly divided into sub-
groups and treated by an IV injection into the 
tail vein. Animals were fed with standard labor-
atory chow and tap water ad libitum. Animal 
care and procedures conformed to the standards 
for care and use of laboratory animals of the 
Hebrew University of Jerusalem and the Na-
tional Instituted of Health (NIH, USA).  

Biodistribution 
Rats (250–300 g) were administered intrave-

nously with 1.5 mL LipRhod-Cy5 (n=6). Rats 
injected with saline (n=2) served as control. 
Animals were sacrificed 6 and 24 hr post-treat-
ment and were perfused via the left ventricle 
with saline. Selected internal organs were har-
vested (liver, kidneys, lungs, spleen, and heart) 
and washed with saline. Organs were scanned 
utilizing a Typhoon scanner at 
ex550nm/em570nm and ex650/em670, fol-
lowed by ImageJ analysis. The relative fluores-
cence intensity was calculated by subtracting a 
control organ’s fluorescence intensity from the 
tested organ’s fluorescence intensity. 

Uptake of the liposomes by WBC was evalu-
ated in the same rats. Heparinized blood was 
drawn 6 and 24 hr post-injection by cardiac 
puncture under isoflurane anesthesia (Minrad 
International USA). Red blood cells were lysed 
(Erythrolyse, 1:20 dilution, AbD, Serotec, UK) 
for 10 min at room temperature, and the pellet 
was washed twice with flow cytometry (FACS) 
medium (PBS, 1% BSA, 0.02% sodium azide). 
The samples were analyzed using LSRII (BD 
Biosciences), and the FCS Express 4 software 
was used for quantitative analysis. The total 
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white blood cell (WBC) count was gated ac-
cording to forward and side scattering. Mono-
cyte, granulocyte, and lymphocyte populations 
were gated according to their typical forward 
and side scattering. The fraction of Cy5-con-
taining WBC was calculated as the number of 
cells stained positive for Cy5 divided by the 
number of gated cells. 

Bioactivity 
The bioactivity of LipRosi in terms of mono-

cyte depletion was studied in 3 different exper-
iments. In the first experiment, intact sabra 
male rats (300–350 g) were treated with a single 
injection of LipRosi (10 mg/kg; n=9) or saline 
(n=6). A similar protocol was used in the sec-
ond experiment, but the rats (270–300 g) were 
treated with a single, double dose of LipRosi 
(20 mg/kg). Finally, in the third experiment, 
rats (180-245 g) were treated with two injec-
tions of 20 mg/kg LipRosi (n=8), Free Rosi 
(n=6), drug-free liposomes (Empty Lip; n=3), 
or saline (n=6) on two consecutive days.  

 Monocytes analysis 
Blood specimens were drawn from the tail un-

der isoflurane anesthesia at baseline and speci-
fied time points in heparinized vials. The blood 
specimens (50 μL) were incubated with red 
blood cell lysing solution (1:20 dilution) for 10 
min at room temperature. Next, the cells were 
washed and suspended in 1 mL FACS medium 

(PBS, 1% BSA, 0.02% sodium azide, 0.1% sap-
onin). The cells were centrifuged at 8000 g for 
1 min and then incubated for 30 min with Alexa 
Fluor 647-conjugated anti-ED1 and the respec-
tive isotype-matched negative control, IgG1-
Alexa Fluor 647 (AbD Serotec, UK). At the end 
of incubation, cells were washed and resus-
pended in FACS medium (omitting the sapo-
nin). Total monocytes were classified as posi-
tive to anti-ED1. The samples were analyzed 
using LSRII, and the FCS Express 4 software 
was used for quantitative analysis. 

 Statistical analysis 
All data are expressed as mean ± standard de-

viation unless otherwise noted. Comparisons 
among treatment groups were made by two-
way analysis of variance (ANOVA) followed 
by the Tukey test and the Student’s t-test for in-
dependent means when necessary. Differences 
were termed statistically significant at p < 0.05. 

Results 
Liposomes characterization 
Negatively-charged liposomes containing 

rosiglitazone (LipRosi) obtained by the active 
loading method demonstrated desirable physi-
cochemical properties, including high encapsu-
lation yield (~50%), a negative zeta potential 
(−21.3 ± 1.3 mV), and a mean diameter of ~170 
nm with PDI <0.1 (Table 1). 

Table 1: The physicochemical properties of liposomal rosiglitazone, empty liposomes, and fluores-
cently labeled liposomes. Data is presented as the mean ± SD. 

 

LipRhod-Cy5Empty LipLipRosiFormulation

DSPC:DSPG:Cholesterol:
PE-RhodamineDSPC:DSPG:CholesterolDSPC:DSPG:CholesterolComposition

3:1:2:0.0083:1:23:1:2Molar ratio

150.9 ± 2.6133.3 ± 0.9172.8 ± 3.0Size (nm)

0.075 ± 0.0300.068 ± 0.0030.075 ± 0.009Polydispersity
Index (PDI)

-22.5 ± 0.7-22.9 ± 1.0-21.3 ± 1.3ζ potential 
(mV)

--5.1
Drug 

encapsulated 
(mg/ml)

--51.5Encapsulation 
yield (%)
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Figure 1. Representative cryogenic transmission electron microscopy (cryo-TEM) micrograph of Empty Lip and 

LipRosi; scale bar = 100 nm.  
 

The stability of LipRosi formulations (sus-
pended in PBS) over time, stored at 4°C, was 
evaluated for 3 months and examined periodi-
cally for size, PDI, and zeta potential changes. 
Insignificant changes in liposome size, PDI, 
and zeta potential were detected, <10nm, 0.008, 
and 4 mV, respectively (Fig. 2a-c). It should be 
noted that no leakage of rosiglitazone was ob-
served after 2–3 weeks of storage. Further stud-
ies evaluated the possible leakage of rosiglita-
zone in terms of the liposomal formulation’s 

physicochemical properties, such as insignifi-
cant changes in liposome size, PDI, and zeta po-
tential. 

Adsorption of serum proteins could change 
the biodistribution and stability of liposomes. 
The effect of serum proteins on LipRosi and 
Empty Lip was examined using size changes 
following incubation in serum for up to 48 hr. 
Both formulations showed no changes in size, 
PDI, and zeta potential values (Fig. 2d). 

 

 
Figure 2. The stability of liposomal rosiglitazone (LipRosi) following incubation in PBS (a, b, c) and in fetal 

bovine serum (FBS) (d). The stability over time of LipRosi at 4°C was determined in terms of changes in size (a), 
PDI (b) and zeta potential (c). Data is presented as the mean±SD; n=3 at each time point. (d) Adsorption of 
proteins to LipRosi at 37°C (FBS incubation, diluted 1:100) was determined before incubation (red line), and 
after 24 and 48 hr incubation (green and blue line, respectively) in comparison to Empty Lip evaluated by meas-
uring size distribution. 
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Bioactivity 
The inhibitory effect of LipRosi on monocyte 

depletion in vitro was examined in RAW 264.7 
cells culture (a monocytes/macrophages cell 
line). Free Rosi (0.1 mM) and Empty Lip (same 

lipids concentration) treatments had no effect at 
both incubation times (24 and 48 hr; viability > 
80%; Fig. 3). In contrast, LipRosi (0.1 mM) sig-
nificantly inhibited RAW 264.7 cells prolifera-
tion, 39.5% and 79%, after 24 and 48 hr, respec-
tively (Fig. 3). 

 

 
Figure 3. Time- and concentration-dependent inhibition of monocytes (RAW 264.7; monocyte/macrophage cell 

line) by liposomal rosiglitazone (LipRosi) in comparison to empty liposomes (Empty Lip) and rosiglitazone in 
solution (pH 4 solution; Free Rosi). Cells were treated with LipRosi (lipid concentration of 0.43 and 2.17 mg/ml; 
rosiglitazone concentration of 0.1 and 0.5mM, respectively), Empty Lip (same lipids concentration) and Free Rosi 
(0.1 and 0.5mM). Bioactivity was evaluated by the MTT assay and is expressed as % of untreated cells. Results 
are presented as mean±SD; The dotted line represents the upper level of cells viability; *p<0.05, Empty Lip vs. 
LipRosi at 48 hr; **p<0.01, Free Rosi vs. LipRosi and Empty Lip vs. LipRosi at 24 hr 

 
Upon increasing drug concentration treatment 

(0.5 mM), cells treated with Free Rosi solution 
exhibited a modest effect after 24 hr and 48 hr 
(27% and 36%, respectively). In contrast, 
LipRosi (0.5 mM) treatment significantly af-
fected cell viability compared to all treatments. 
After 24 hr and 48 hr of incubation, treatment 
with LipRosi resulted in 76% and 95% reduc-
tion in cell proliferation, compared to treatment 
with Empty Lip (40% and 82%, respectively; 
Fig. 3). 

Uptake by monocytes in culture 
Cellular uptake of LipRosi by the mono-

cytes/macrophages cell line, RAW 264.7, was 
examined by confocal microscopy of liposomes 
labeled with Cy5 and rhodamine, core, and 
membrane labeling, respectively. After 4 hr of 
incubation, the liposomes were detected within 
the cells (Fig. 4). Increased accumulation over 
time of LipRhod-Cy5 in cells was observed at 
both concentrations (Fig. 4 and Fig. S3), and 
liposomes were engulfed by the entire cell pop-
ulation after 24 hr at the highest examined con-
centration.  
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Figure 4. Qualitative assessment of fluorescently-labeled liposomes (rhodamine and Cy5, aqueous core and 

membrane, respectively; LipRhod-Cy5; 1.25 mg/ml lipids concentration) uptake by RAW264.7 cells. The nuclei 
are shown in turquoise (Hoechst), liposomes bilayer is shown in red (PE-Rhodamine), liposomes cargo is shown 
in blue (Cy5), and overlay of vesicle and cargo is shown in purple. The release of the aqueous core marker, Cy5, 
can be observed in the cytosol by the diffusive form of the dye, as opposed to the red spotted dye, which depicts 
the membrane marker. Images were obtained by means of confocal microscopy and analyzed with FV10-ASW 3.1 
viewer software. The fluorescence intensity is normalized to non-treated cells; magnification х60 nm. 

 

Cytotoxicity 
Empty Lip was found to be non-toxic at all 

concentrations and time points examined (Fig. 
5).  In contrast, the cells’ viability decreased 
gradually by increasing Free Rosi or LipRosi 
concentrations and incubation times. Free Rosi 
and LipRosi (0.1 mM) treatments exhibited a 

cytotoxic effect (viability < 80%) 48 hr after 
treatment. In contrast, 0.5 mM of Free Rosi and 
LipRosi treatments showed a cytotoxic effect 
after 24 hr of incubation. LipRosi treatment was 
found to have a greater effect on cells’ viability 
(93% reduction) in comparison to Empty Lip 
and Free Rosi treatments (13% and 56%, re-
spectively; p<0.01; Fig. 5). 

 
Figure 5. Time- and concentration-dependent cytotoxicity of liposomal rosiglitazone (LipRosi) in comparison 

to empty liposomes (Empty Lip) and rosiglitazone in solution (pH 4 solution; Free Rosi) on smooth muscle cells. 
Cells were treated with LipRosi (lipid concentration of 0.6 and 3 mg/ml; rosiglitazone concentration of 0.1 and 
0.5 mM, respectively), Empty Lip (same lipid concentration) and Free Rosi (0.1 and 0.5 mM). Cytotoxicity was 
evaluated by the MTT assay and is expressed as % of untreated cells. Results are presented as mean±SD; The 
dotted line presents upper level of cells viability; **p<0.01. 
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Biodistribution 
The biodistribution of LipRosi in intact rats 

was evaluated following treatment with lipo-
somes labeled with both rhodamine and Cy5 

(Fig. 6). Increased accumulation of rhodamine 
was observed in the liver in comparison to other 
organs after 6 hr (p<0.01; Fig. 6b). 

 
Figure 6. Qualitative (a) and quantitative (b and c) biodistribution of fluorescently-labeled empty liposomes 

(rhodamine and Cy5, aqueous core and membrane, respectively; LipRhod-Cy5) in rat organs, 6 and 24 hr after 
injection. Shown are pictures acquired by means of the Typhoon FLA followed by ImageJ analysis; n=1 for NT 
and n=3 for LipRhod-Cy5 at each time point. Data is presented as the mean±SEM; ***p<0.001, **p<0.01, 
*p<0.05. 

 
Only a negligible accumulation was detected 

in the heart, and accumulation in the spleen and 
lungs was minimal. After 24 hr, the biodistribu-
tion ranked, liver > kidney > lungs >> spleen 
and heart. Similarly, the rank was observed 
with Cy5 distribution at the same time, liver and 
spleen >> kidney > lungs > heart. In addition, 
the distribution of Cy5 24 hr post-injection was 

found to be significantly higher than that after 6 
hr in all organs (**p<0.01 and ***p<0.001), ex-
cept for the heart (Fig. 6c).  

Uptake of LipRosi by WBC in vivo 
The uptake of LipRosi by circulating WBC 

was evaluated using FACS (Fig. 7).  



Prnano.com, https://doi.org/10.33218/001c.38312  Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 

939 

 
Figure 7. Time-dependent uptake of fluorescently-labeled empty liposomes (rhodamine and Cy5, aqueous core 

and membrane, respectively) by circulating white blood cells (WBC) in rats. (a) Total Cy5 labeled WBC. (b) Cy5 
labeled lymphocytes, granulocytes and monocytes. Uptake was evaluated by means of flow cytometry. n=1 for NT 
and n=3 for LipRhod-Cy5 at each time point. Data is presented as the mean±SD; ** p<0.01, ***p<0.001. 

 

Rhodamine labeled WBC could not be de-
tected due to false-positive coloring, and only 
negligible background Cy5 fluorescence was 
detected in untreated rats. LipRosi uptake by 
WBC increased significantly 24 hr after treat-
ment compared to the levels obtained after 6 hr 
(3.03±0.55% vs. 15.58±3.36%; ***p<0.001; 
Fig. 7a). 

Liposomes uptake by monocytes was signifi-
cantly higher than by lymphocytes and granu-
locytes gated cells at both time points 
(**p<0.01; Fig. 7b). After 6 hr, 12.83±4.01% of 
gated monocytes contained liposomes while 
negligible uptake was detected in lymphocytes 
and granulocytes. After 24 hr, monocyte uptake 
increased significantly to 54.16±13.7%, 
whereas only 7.36±0.86% and 12.9±6.96% 
were internalized by lymphocytes and granulo-
cytes, respectively.  

Monocytes depletion in vivo 
The effect of LipRosi on circulating mono-

cytes was evaluated in rats following IV injec-
tion through flow cytometry. In two separate 
experiments, rats were treated with a dose of 10 
mg/kg or 20 mg/kg on day 0, and monocyte lev-
els were examined on three consecutive days 
post injection (Fig. S4a). No significant reduc-
tion of monocyte levels was observed following 
treatment with 10 mg/kg LipRosi; both saline 
and LipRosi treated groups tended to increase 
monocyte levels (Fig. S4b). Conversely, re-
duced monocyte levels were observed 24 and 
48 hr following treatment with 20 mg/kg 
LipRosi (without reaching statistical signifi-
cance) (Fig. S4c), returning to baseline levels 
after 72 hr. 

Since no significant activity was detected fol-
lowing a single dose, rats were treated with 20 
mg/kg LipRosi on two consecutive days (on 
day -1 and day 0; see scheme, Fig. 8a).  
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Figure 8. The inhibition of rat’s circulating monocytes following IV injection of liposomal rosiglitazone (20 

mg/kg) in two consecutive days. (a) Schematic presentation of animal experimental setup. (b) Monocytes levels 
measured in the blood a week before injection (baseline, 0 hr), 24 and 48 hr post two injections (IV) by means of 
flow cytometry. Monocytes were defined as ED1-positive (CD68) cells and are presented as the ratio normalized 
to the individual baseline level. Data is presented as the mean±SEM. n=3-4 animals in each group. ** p<0.01, 
LipRosi vs. saline; # p<0.05, LipRosi vs. Empty Lip.  

 

Treatment with LipRosi by 2 injections ex-
erted a significant depletion of monocytes in 
comparison to saline treatment (23% reduction 
vs. 5% increase from the basal level; p<0.01; 
Fig. 8b). In contrast, no significant depletion 
was detected following both Free Rosi and 
Empty Lip treatments (7% and 5%, respec-
tively). 

Discussion 
Our work’s premise is to utilize a drug’s 

known polypharmacology properties to unlock 
novel therapeutic opportunities by redesigning 
its drug delivery system (28). Rosiglitazone is a 
proven, highly effective drug in treating type Ⅱ 
diabetes mellitus. Nevertheless, the EMA sus-
pended the drug, and the FDA restricted its clin-
ical use due to cardiovascular-specific toxicity 
and increased mortality risk (15-17). Im-
portantly, rosiglitazone has been shown to exert 
potent anti-inflammatory effects (20-23). 
Therefore, we thought to repurpose rosiglita-

zone as an anti-inflammatory agent by re-rout-
ing its biodistribution away from the heart to-
wards monocytes/macrophages. Besides their 
role as scavengers and in immune and non-im-
mune defense mechanisms, monocytes/macro-
phages play a key role in the inflammatory cas-
cade. Upon inflammatory stimuli, the number 
of circulating monocytes and their migration to 
the site of inflammation increase dramatically. 
It is well known that NPs are readily taken up 
by phagocytic cells of the MPS, mono-
cytes/macrophages in particular, and to some 
extent by neutrophils. Therefore, NPs can en-
hance the intracellular delivery of an anti-in-
flammatory drug into phagocytic innate-im-
mune cells for therapeutic means, as demon-
strated in various inflammatory-associated dis-
orders (1, 10-13, 26, 29, 30). In this study, we 
used the phagocytic nature of MPS cells to our 
advantage, developing a monocyte-targeted lip-
osomal formulation containing rosiglitazone. 

The governing physicochemical factors of 
MPS-targeted liposomes include surface charge 



Prnano.com, https://doi.org/10.33218/001c.38312  Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 

941 

(positive or negative) and size (31-33). Nega-
tively-charged particles in the range of 80–200 
nm are preferable due to the suitable compro-
mise between high phagocytic capability by the 
MPS and lower systemic toxicity, as well as the 
possibility for filter sterilization (26, 32, 34). In 
addition, the optimal formulation should pos-
sess a high drug loading capacity and a suffi-
cient encapsulation yield. 

In this study, multiple attempts were made to 
incorporate rosiglitazone in the aqueous core by 
the thin film hydration technique and by addi-
tional procedures, including the freeze and thaw 
method (25, 35, 36). Although attempts using 
the passive loading method resulted in formula-
tions with optimal surface charge and size, the 
active loading method yielded a higher drug en-
capsulation level, two times higher than that ob-
tained by the passive loading method (0.6 
mg/ml vs. 1.15 mg/ml; compare Fig. S1 to Fig. 
S2a). Several parameters have been examined 
for obtaining an optimal formulation, including 
membrane rigidity (Fig. S2a), calcium acetate 
concentration in the hydrating solution (Fig. 
S2b), remote-loaded drug concentration (Fig. 
S2c), and time (Fig. S2d). The developed nega-
tively-charged rosiglitazone formulation 
(LipRosi) possessed appropriate physicochem-
ical properties, including a nano-size range with 
a low PDI (~170 nm; PDI, 0.075; Table 1) and 
both high drug loading (5.1 mg/ml) and encap-
sulation yield (~50%). In addition, the formula-
tion manifested stable shelf life (over 3 months; 
Fig. 2a-c). 

Morphologically, LipRosi appeared as a 
unique elongated ellipsoid vesicle (Fig. 1). A 
vesicle’s shape is known to be influenced by os-
motic gradients across the membrane, resulting 
in elongated and tubular structures (37, 38). 
Therefore, it is suggested that the complex of 
rosiglitazone with calcium in the vesicle’s core 
precipitates due to its low solubility, altering 
the morphology of the liposome. In addition, 
the membrane’s curvature is most likely af-
fected to some extent by the association of the 
drug with the membrane lipids. Supporting this 
explanation is the drug’s affinity to the lipid 
phase reflected by its logP of ~3 (39).  

Serum protein absorption onto the liposome 
membrane could affect its phagocytosis, bio-
logical fate, biodistribution, and stability (40). 
Nevertheless, no difference in the mean size 
and PDI of LipRosi and Empty Lip was noted 

following incubation in FBS (Fig. 2d). Thus, it 
is expected that the formulation will not be af-
fected in vivo by the adsorption of serum pro-
teins. Indeed, in comparison to lymphocytes 
and granulocytes, preferential uptake by mono-
cytes was observed in vivo (Fig. 7b).  

LipRosi was examined in vitro for its bioac-
tivity, uptake, and cytotoxicity, using 
RAW264.7 (monocytes/macrophages line) and 
rat SMC cultures. At low drug concentrations 
(0.1 mM), only LipRosi treatment resulted in 
the inhibition of monocytes. However, at a 
higher drug concentration of 0.5 mM, all treat-
ments showed a time-dependent bioactivity ef-
fect (Fig. 3), and LipRosi was the most potent 
treatment. The slight effect of Empty Lip in 
vitro corresponds with previous findings (26). 
The results confirm that the inhibitory effect of 
rosiglitazone on monocytes/macrophages, 
which is time- and concentration-dependent, is 
significantly improved by encapsulating it in 
liposomes.  

Cellular uptake of the liposomal formulation 
was studied with liposomes double-labeled 
with rhodamine and Cy5 (membrane and inner 
aqueous core, respectively). A time- and dose-
dependent uptake of LipRhod-Cy5 was found 
(Fig. 4 and Fig.S3). As expected, the entire cell 
population was eventually internalized since 
monocytes are phagocytic cells. After 24 hr, a 
diffusive form of Cy5 in the cytoplasm was ob-
served, indicating its release from the liposomal 
aqueous core and subsequently from the lyso-
some. In the increased concentration examined, 
more vesicles were available for phagocytosis 
(Fig. 4 vs. Fig.S3), most probably dependent on 
the number of vesicles, as we have previously 
demonstrated (41).  

LipRosi and Free Rosi were found to have a 
dose- and time-dependent cytotoxic effect 
when examined on rat SMC (Fig. 5). The cyto-
toxic effect of free rosiglitazone on SMC is in 
accord with its anti-proliferative properties (42, 
43). The apparent cytotoxic effects of LipRosi 
observed in the SMC culture studies occurred at 
the highest concentration and after an extended 
incubation period, allowing rosiglitazone to in-
ternalize and exert its bioactivity. Nevertheless, 
no clinical signs of toxicity were observed in 
animal studies (see below).  
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The fate and biodistribution of the fluores-
cently double-labeled formulation were exam-
ined following LipRhod-Cy5 administration 
via the tail vein in male sabra rats. An increased 
accumulation over time of LipRhod-Cy5 in all 
harvested organs was found, with the liver, a 
macrophage-rich organ, showing the highest 
accumulation (Fig. 6). This confirms our work-
ing hypothesis that the formulated liposomes 
are mainly internalized by monocytes/macro-
phages, and consequently accumulate in the 
liver. Notably, only limited accumulation was 
noted in the heart. In addition, a significant 
time-dependent accumulation in the Cy5 chan-
nel could be seen in all harvested organs except 
the heart (Fig. 6c). This underscores the signif-
icant advantage of the proposed delivery sys-
tem in minimizing or potentially altogether 
avoiding the side effects that have led to the 
market withdrawal of rosiglitazone or its label 
warning. The significant increase in the mean 
fluorescent intensity of Cy5 over time is at-
tributed to the release of the fluorescent dye 
from the aqueous core, as was observed in vitro 
(Fig. 4).  

The bioactivity effect on monocytes/macro-
phages in vitro suggested that monocyte deple-
tion in vivo could be achieved. Several dose-re-
sponse experiments have been carried out to ex-
ceed the threshold effect (Fig. S4). Finally, ad-
ministration of 20 mg/kg LipRosi, injected on 
two consecutive days, resulted in significant in-
hibition of circulating monocytes after 24 hr 
(Fig. 8). In contrast, Empty Lip had no influ-
ence on monocytes depletion, indicating that 
the effect is attributed to the drug in its encap-
sulated form. Furthermore, depletion of mono-
cytes by LipRosi in vivo was more effective 
than the free drug (borderline significance), 
showing the same pattern as the in vitro results 
(Fig. 3). This is in accord with the known effec-
tive uptake of particulate dosage forms by mon-
ocytes (33), and was further demonstrated by 
the in vivo internalization study where a signif-
icantly higher uptake was observed compared 
to both lymphocytes and granulocytes (Fig. 7b). 

Perspectives and limitations 
Previous studies by our group demonstrated 

that partial and transient depletion of circulat-
ing monocytes by systemic administration of 
liposomes containing various bisphosphonates, 
which are in clinical use for the treatment of 
bone-related disorders, is effective in the treat-
ment of endometriosis in animal models (14, 
29), and of arterial restenosis both in animals 
(11, 12, 14, 25, 26, 44, 45) and humans (46), 
with no side-effects. Similarly to liposomal 
bisphosphonates, LipRosi partially reduces cir-
culating monocyte levels for two days (Fig. 8b), 
which could potentially impede the massive ac-
cumulation of monocytes into inflamed tissue. 
This treatment approach is particularly suitable 
when the intervention is at the early stages of 
monocyte/macrophage recruitment (47). Re-
duction of restenosis in animal models (rats and 
rabbits) is typically achieved with a single dose 
of 15 mg/kg or 3 mg/kg, respectively, of lipo-
somal alendronate (a bisphosphonate) (12, 25, 
26, 44). For attenuating endometriosis in rats, 
multiple 4 once weekly injections of 10 mg/kg 
are required (29). Although liposomal alendro-
nate seems more efficacious than LipRosi (1 in-
jection of 15 mg/kg vs. 2 injections of 20 
mg/kg), a side-by-side comparison in animal 
pathological models is required for proper com-
parison. As expected, the side effects observed 
with LipRosi application in the in vitro cell cul-
ture studies, at high concentration and extended 
incubation time, were not detected in vivo. In 
addition, a markedly lower single dose of 0.01 
mg in patients with elevated basal blood levels 
of monocyte count yielded a significant reduc-
tion in late lumen loss with no side effects (46). 
Moreover, since various dosages of liposomal 
bisphosphonate treatment are associated with 
neither side effects (11, 12, 14, 25, 44) nor with 
complement activation (26), a similar profile of 
safety is expected with LipRosi, which was for-
mulated with the same lipids and acts by the 
same mechanism of monocyte-targeting. 
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Conclusions 
We endeavored to repurpose the effective but discouraged drug, rosiglitazone, for anti-inflammation 

therapy. A monocyte-targeted liposomal delivery system encapsulating rosiglitazone has been success-
fully formulated, characterized by desirable physicochemical properties for specific MPS disposition 
in terms of nano-size, narrow size distribution, negatively-charged membrane, high drug loading, and 
shelf-life stability. In vitro and in vivo studies showed that monocyte depletion by LipRosi was more 
potent than the free drug. The limited disposition of the liposomes detected in the heart suggests a safe 
drug delivery option for LipRosi. More studies should be conducted to further examine the impact of 
LipRosi in inflammation models and its possible systemic off-target effects. 
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